To perform both Second-harmonicgeneration (SHG) imaging and tensile testing in a rabbit model of tendon healing. To assess the correlation between the mean intensity of SHG images and Young's modulus. To evaluate the potential of SHG imaging to indicate histological and mechanical recovery in tendon healing.
Introduction
The primary function of tendons is to transmit force generated by skeletal muscles to bones, thus facilitating locomotion. 1 To achieve this function, the primary constitution of tendons is mechanically-tough extracellular matrix (eCm). The eCm of tendons is comprised mainly of collagen, which accounts for approximately 60% to 85% of the dry weight of tendons. 2 Collagen has uniform higher-order structures of microfibrils, fibrils, fibres, and fascicles, all of which are uniaxially oriented along the direction of the long axis in tendons. Such characteristic collagen structures ensure that tendons have high mechanical strength.
mechanical load, as well as age and inflammation, are risk factors for a partial or complete tendon rupture. The healing process of the ruptured tendon consists largely of the proliferation and differentiation of tenoblasts around the injured area, the production of collagen and other eCm components, and alteration of the non-orientated coarsely distributed structure of collagen fibres into a uniaxially-oriented, densely-distributed structure (maturation). 3 However, it is often difficult to regain the same level of mechanical strength as before injury, and disruption or re-rupture of the tendon during the healing process is not uncommon. 4 The process of tendon healing has been experimentally studied through various modalities, such as histology and mechanical testing. The staining method is straightforward because it reveals the orientation, density, and arrangement of the high-order structure of collagen. Haematoxylin-eosin (He) staining 5 as well as other methods 6 have been shown to demonstrate the histological recovery of a ruptured tendon. on the other hand, tensile testing is a direct method of evaluating the mechanical healing of a ruptured tendon. 7 Unfortunately, both methods of evaluation are invasive and destructive, and cannot be clinically applied to normal tendon healing. Currently, there is no established evaluation system clinically applicable to tendon healing.
Second-harmonic-generation (SHG) microscopy 8 is a promising tool for in situ observation of collagen fibres in tissues. SHG microscopy is known to be a good imaging modality that allows identification of collagen molecules with high selectivity, good image contrast, high spatial resolution, optical 3D sectioning and moderate penetration. recently, SHG microscopy has been applied to analyse fatigue, damage, and/or inflammation and its efficacy has been demonstrated. [9] [10] [11] [12] Considering that the SHG light intensity depends on the structural maturity, density, and aggregates of collagen molecules, SHG microscopy may be a promising probe for visualising the level of tendon healing without histological sectioning and staining.
In the present study, we demonstrate SHG imaging followed by tensile testing on tendon specimens in a rabbit model of tendon healing. based on this approach, we assessed a correlation between the mean SHG intensity and the Young's modulus of tendon samples in order to investigate the reliability of SHG imaging in the process of tendon healing in comparison with mechanical testing. The present study was designed as a preliminary investigation into the potential utility of SHG microscopy as a clinical probe to assess tendon healing.
Materials and Methods
Rabbit model of tendon healing. The experimental protocol used in this study was approved by the bioethics Committee for Animal experiments at The Tokushima University. A rabbit model of tendon healing was prepared following the method used in previous research by another group. 13 In total, eight male Japanese white rabbits (eight to ten weeks old, weight 2.0 kg to 2.5 kg) were obtained from Kitayama labes Co., ltd. (Ina, Japan) and were individually housed in a climate-controlled animal care facility for one week in order to be acclimatised to a new environment. The rabbits were locally anesthetised with 1% lidocaine hydrochloride after inducing anaesthesia with the inhalation of isoflurane (5% for induction, 2% for maintenance, each with an air flow rate of 2 litres/ minute). Following anaesthesia, the right leg was disinfected and shaved. The flexor digitorum tendon in the right leg was sharply transected by a No. 11 scalpel. The disrupted tendon was then repaired by intratendinous stitching with a looped 5-0 nylon suture. Postoperatively, the rabbits were individually housed in a climate-controlled animal care facility. To highlight the definite difference of collagen structure between the healing tendon and the control tendon, we performed the comparison at a single time-point of tendon healing. At four weeks post-operatively, the rabbits were euthanised by administering an overdose of sodium pentobarbitone (0.15 mg/kg bW). The flexor digitorum tendon in the right leg was excised as the healing tendon sample (n = 8), whereas that in the left leg was excised as the control (n = 8). Samples were kept frozen at -15 °C until evaluation. After being thawed at room temperature, each specimen was examined by SHG imaging, followed by tensile testing. ShG imaging. Figure 1 shows the experimental setup of the inverted SHG microscope. We used a mode-locked Cr:Forsterite laser (CrF-65P, Avesta ltd., moscow, russia, centre wavelength 1250 nm, pulse duration 70 fs, repetition rate 73 mHz) to enhance the depth of penetration in SHG imaging. 14 The mean power of the laser output light was adjusted to 20 mW at the sample surface by using a combination of a half-wave plate (HWP; CWo-1250-02-10, lattice electro optics Inc., California, retardation tolerance = λ/500) and a polariser (P; PGl8610, CASIX Inc., Fujian, China, extinction ratio < 1 × 10 -6 ). Its linear polarisation was converted into circular polarisation by a quarter-wave plate (QWP; CWo-1250-04-10, lattice electro optics Inc., retardation tolerance = λ/500) in order to cancel the polarisation dependence of the SHG efficiency of the orientated collagen fibres. The focal point of the laser beam was two-dimensionally scanned on a sample by a combination of a galvanometer mirror (Gm), relay lenses (rl1 and rl2), and an objective lens (ol; CFI Plan 50 × H, Nikon Corp., Tokyo, Japan, magnification ×50, numerical aperture 0.9, working distance 350 µm, oil-immersion type). backscattered SHG light was collected by the same ol, was reflected by a harmonic separator (HS; lWP-45-runp625-Tunp1250-b-1013, lattice electro optics Inc., Fullerton, California, reflected wavelength 625 nm), passed through an optical filter with a sharp pass-band (bPF; 625/26 nm brightline, Semrock Inc., rochester, New York, pass wavelength 612 nm to 638 nm), and was then detected by a photon-counting photomultiplier with Peltier cooling (PmT; H7421-40, Hamamatsu Photonics K.K., Hamamatsu, Japan). Using the above Gm optics, SHG images of a 400 µm × 400 µm region, composed of 256 pixels × 256 pixels, were acquired at a rate of 0.5 images/second. The range of probing depth in the present system was 0 ~ 200 µm from the sample surface, which was limited by the working distance (350 µm) of the ol and the thickness (120 ~ 170 µm) of a cover glass between the ol and the sample, and not limited by the penetration depth (~several hundred µm) of the 1250 nm laser light. To expand the lateral imaging region, we scanned the sample position at intervals of 400 µm using a stepping-motor-driven 3-axis translation stage every time an SHG image was obtained by the Gm. Finally, we obtained a large-area SHG image with a size of 3.2 mm × 3.2 mm by stitching together 64 SHG images in a matrix of eight rows and eight columns. The total image acquisition time was around 15 minutes for one sample. During the experiment for SHG imaging, the sample was immersed in the physiological saline solution to avoid tissue dehydration. Although the sample temperature was not controlled, we consider the assessment to be unaffected. There was no load on the tendon when SHG imaging was performed. For calculation of the mean SHG light intensity, we used the large-area SHG images without contrast enhancement. In addition, image analysis based on 2D Fourier transform was performed using the magnified SHG images without or with contrast enhancement. The presence or absence of contrast enhancement did not influence results because we used the shape of the 2D Fourier transform spectrum. Tensile testing. Tensile testing was undertaken immediately in order to avoid tissue degradation. We used a commercial tensile testing machine (eZ -S, Shimadzu Corp., Kyoto, Japan, load capacity 500 N, load cell precision ±1 %) for evaluating mechanical strength in the healing tendon. A single excised tendon fascicle was selected and the cross-section of the fascicle was estimated from the major and minor axes in the elliptically shaped cross-section of the fascicle. The tendon fascicle was then stretched at a tensile rate of 2 cm/min. Young's modulus was calculated from the stress-strain curve, in which we used the nominal stress and assumed that the cross-section did not change during the tensile test. Statistical analysis. The data for mean SHG light intensity were reported as mean and standard deviation (sd). P-values < 0.001 and < 0.05 represented statistical significance and were used for statistical tests of mean SHG intensity and Young's modulus, respectively. Two group comparisons were made using Student's t-test. For the correlation between the mean SHG intensity and Young's modulus, the coefficient of determination (r 2 ) was used.
Results
ShG imaging. Since the SHG image indicated the highest intensity and the best contrast at a depth of 100 µm from the sample surface, we selected this depth for comparison of the collagen structure. First, we performed SHG imaging on the control samples. Figure 2a shows a comparison of the large-area SHG images without contrast enhancement (image size 3.2 mm × 3.2 mm, pixel size 2048 pixels × 2048 pixels) for three out of eight control samples (control (A), (b), and (C)) as representatives, although we performed the SHG imaging for all samples. The distribution of strong SHG light intensity was observed for all of them. Furthermore, thick collagen fibres were uniformly orientated parallel to the long axis of the tendon (vertical direction). When the region of the control (A) in Figure  2a (orange box) was magnified, as shown in Figure 2b (image size 400 µm × 400 µm, pixel size 256 pixels × Diagram showing the experimental setup of an inverted SHG microscope (HWP, half-wave plate; P, Polariser; QWP, quarter-wave plate; Gm, galvanometer mirror; rl1 and rl2, relay lenses; HS, harmonic separator; ol, objective lens; bPF, optical band-bass filter; PmT, photon-counting photomultiplier).
256 pixels), a crimp structure of thick collagen fibres was observed. Since these characteristics are consistent with the histological views of tendon tissue, 5, 6 we can conclude that SHG imaging provides an accurate histological visualisation of collagen fibres in tendon without the need for histological sectioning and staining.
Next, we performed SHG imaging on the healing tendon samples. The disrupted portion had reconnected four weeks post-operatively. After eliminating scar tissue around the disrupted portion using a scalpel, we visualised a collagen structure of the healing tendon tissue at a depth of 100 µm from the sample surface. Figure 3 shows a comparison of the large-area SHG images without contrast enhancement (left column, image size 3.2 mm × 3.2 mm, pixel size 2048 pixels × 2048 pixels), the large-area SHG images with contrast enhancement (centre column, the same size as the left column), and the magnified SHG images with contrast enhancement (right column, image size 400 µm × 400 µm, pixel size 256 pixels × 256 pixels, corresponding to the region in the centre column orange box) among six out of eight healing samples (healing (A), (b), (C), (D), (e), and (F)) as representatives. From a comparison of SHG images without contrast enhancement between the control and the healing samples (Fig. 2a and the left column in Fig. 3 ), the SHG light intensity considerably decreased in all of the healing samples. The contrast-enhanced SHG images in the centre column and their magnified SHG images in the right column enabled visualisation of the fibrous structure of the collagen in the healing area more clearly. In contrast to the control sample, the healing samples did not show clear crimp structures of thick collagen fibres. In addition, we observed that the collagen fibres in the healing samples were thin, somewhat oriented, and/or unevenly distributed.
The regenerated tissue in healing tendon mainly contains type-1 and type-3 collagen, whereas native tissue in the control tendon mainly contains that of type-1 collagen only. 15 Although type-3 collagen has less higher-order fibre structure than type-1 collagen, 16 there is no significant difference in SHG light efficiency between type-1 and type-3 collagen. 17 We consider the SHG light intensity closely related with the degree of structural maturity, rather than the difference in type of collagen. The disorganised, less-oriented, thin collagen fibre structure in the healing tendon decreases the mechanical strength and SHG light intensity, whereas the well-organised, better-oriented, thick collagen fibre structure in the control tendon enhances mechanical strength and SHG light intensity.
We calculated the mean SHG light intensity of all pixels in the large-area SHG image without the contrast enhancement (see Fig. 2a and the left column in Fig. 3 ) for each sample to compare the SHG light intensity of the healing samples with that of the control samples quantitatively. Figure 4 shows a comparison of the mean SHG light intensity between the control samples (n = 8) and the healing samples (n = 8). The mean SHG light intensity was 201 (sd 37) counts for the control samples and 36 (sd 21) counts for the healing samples, respectively. The mean SHG light intensity in the healing samples was 17 .9% of that in the control samples. These differences were statistically significant (p < 0.001) and may indicate that the collagen fibres were still immature even though the repaired portion had apparently united (shown through gross visualisation). Tensile testing. Immediately after the SHG imaging, tensile testing was performed on the same samples. Figure 5 shows the stress-strain curves for controls (A), (b), and (C) as representatives, although we performed the tensile testing for all samples. The curves of all the control samples presented similar profiles. The strain nonlinearly increased at low stress, and then linearly increased with the stress, indicating elastic deformation. The appearance of the peak after the linear region did not indicate the yield point but indicated slipping of the sample from the mechanical clamp. As a result, we did not include the other mechanical properties such as ultimate strength in this study.
Next, we performed tensile testing on the healing samples. Figure 6 shows the stress-strain curves for healing (A), (b), and (C), respectively. Unlike the curves of the control samples, the linear region of the healing samples was considerably less steep than that of the control samples.
Young's modulus was calculated by applying linear fitting to the linear region of the stress-strain curve, as shown by the orange lines in Figures 5 and 6 . Figure 7 shows a comparison between the Young's modulus of the control samples (n = 8) and the healing samples (n = 8). Young's modulus was 0.63 mPa (sd 0.15) for the control samples and 0.36 mPa (sd 0.23) for the healing samples. Young's modulus in the healing samples was 57.1 % of that in the control samples, and this difference was statistically significant (p < 0.05). These results indicated that mechanical recovery of the healing samples was still imperfect at four weeks post-operatively.
Correlation between mean ShG light intensity and Young's modulus. As both the mean SHG light intensity and Young's modulus were obtained from the same sample, we calculated the correlation between the mean SHG light intensity and Young's modulus. Figure 8 shows the relation between the two sets of data, in which square and circle plots, respectively, indicate the data for eight control samples and eight healing samples. The control samples were distributed in the area of high SHG intensity and large Young's modulus, whereas the healing samples indicated low SHG intensity, with some variance in Young's modulus. From the data plots in Figure  8 , we determined the coefficient of determination (r 2 ) to be 0.37 for both control and healing samples (see line in Figure 8 ).
Discussion
We performed SHG imaging of the healing tendon after removal of scar tissue. one may query whether such approach can be used as a clinical probe for the evaluation of tendon healing, which is classified into intrinsic and extrinsic healing. 4 The formation of a scar is related to extrinsic healing. For example, if one were to remove scar tissue, it could hinder extrinsic healing because the scar tissue becomes mature and is embedded in the regenerated tissue. In this study, as the scar tissue was not completely unified with tendon tissue at four weeks post-operatively, we performed SHG imaging of the healing tendon after removal of the scar tissue in order to visualise collagen fibres in the tendon tissue itself. on the other hand, at the late stage of healing, it is difficult to discriminate the scar tissue from the tendon itself due to remodelling, and the scar tissue may give information on the degree of extrinsic healing. If we could quantitatively estimate overall healing by SHG imaging in the scar tissue of the repaired portion, it may be useful in order to evaluate tendon healing. Although we demonstrated ex vivo visualisation of the collagen fibres in tendon healing with SHG microscopy, the combination of SHG microscopy and a state-of-the-art fibre-optic probe with an outer diameter of 2 mm 18 may be used in the development of a clinical probe of tendon healing.
In the analysis of SHG images, we extracted the mean SHG intensity as the simplest parameter and evaluated the validity of this parameter for assessing tendon healing. However, when a quantitative analysis of SHG imaging is performed based on the SHG light intensity, one must consider the additional contributions other than the density and the structural maturity of the collagen fibres. This is because the SHG light intensity also depends on the incident light intensity, the optical property (surface reflection, absorption, or scattering) of the sample, and the probing depth of the objective lens. These factors may result in some error bars in Figure 4 and limit the r 2 value to 0.37 in Figure 8 .
For a more precise analysis of SHG images, one would need to use other SHG parameters independent from SHG light intensity. one potential method is the imagebased analysis with 2D Fourier transformation (2D-FT), which provides a 2D map of spatial frequency components in SHG images. 11, 19 We show the preliminary results of this image analysis for the control and healing sample in order to demonstrate potential for tendon healing evaluation. Figure 9a shows the 2D-FT-SHG image of the control (A) in Figure 2b . The thick bowtie pattern is due to the uniform crimp structure of thick collagen fibres along the vertical direction. on the other hand, Figure 9b shows the 2D-FT-SHG images of three healing samples (healing (A), (b), and (C)) in the right column in Figure 3 . The circular pattern in healing (A) is a result of disorganised collagen fibre structure without the specific orientation, implying immature healing. The thin bowtie pattern in the healing (b) is due to the collagen fibre structure with moderate orientation and less crimp structure, implying normal healing. The somewhat thick bowtie pattern in the healing (C) indicates the collagen fibre structure with moderate orientation and crimp structure, implying smooth healing. In this way, the 2D-FT-SHG image analysis has the potential to reflect the structural difference of collagen fibres with greater sensitivity, not only between the control sample and the healing sample, but also among the healing samples at different stages of healing.
The r 2 value between the mean SHG light intensity and Young's modulus was 0.37 (Fig. 8) . It is possible that the sample size is too small for precise correlation evaluation. Another possible reason for the limited r 2 value may be the evaluation of tendon healing at only a single time point (four weeks post-operatively) although we performed the comparison at this time point to highlight the definite difference of collagen structure. Additional time points may clarify the validity of the mean SHG light intensity as an indicator of mechanical recovery of the repaired tendon.
In conclusion, we investigated histological and mechanical features of recovery in a rabbit model of tendon healing by using SHG imaging and tensile testing, respectively. This combination enabled us to evaluate collagen fibres histologically and to obtain Young's modulus on the single sample due to the in situ imaging capability of SHG microscopy without the need to perform staining. because the collagen dynamics visualised by SHG microscopy are closely related to the Correlation between mean second-harmonic-generation light intensity and Young's modulus. Square plots show the control samples (n = 8), whereas circle plots show the healing sample (n = 8). line shows the result of linear fitting to the plots of both control and healing samples, respectively. mechanical properties of the tendon, as well as its histology, a moderate correlation was confirmed between the mean SHG light intensity and Young's modulus. Furthermore, 2D-FT-SHG image analysis shows a potential for more precise analysis of tendon healing. If these approaches are investigated in a larger sample size, SHG microscopy may be more useful for evaluation of histological and mechanical features of recovery in healing tendons. 
